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clement. The method comprises the steps of forming a
master multiple holographic element having an absorption
grating pattern that produces a given index of refraction
paticrn across the master multiple holographic: element,

coating the master holographic element with a layer of a

photopolymer, and directing a recording beam to and
through the master holographic element and into the pho-

topolymer layer. The absorption grating pattern of the master
holographic element modulates the amplitude of the record- -~
ing beam, and the modulated recording beam causes the }
monomers of the photopolymer to form a monomer pattern -

that produces the given index of refraction pattern across the

photopolymer layer. The method further comprises the steps
of fixing the monomers of the photopolymer layer in that_ |

monomer pattern to form thereby a copy of the multiple- |
holographic element, and removing the photopolymer layer

- from the master holographic element
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SYSTEM AND METHOD OF FABRICATING
MULTIPLE HOLOGRAPHIC ELEMENTS

This is a divisional of applieation Ser. No. 08/294,199,
filed on Aug. 22, 1994, now abandoned, and Ser. No.
(07/957,593 filed on Oct. 6, 1992, now abandoned.

BACKGROUND OF THE INVENTION

This invention generally relates to method and systems
for fabricating holographic elements; and more specifically,
to a method and system for fabricating a copy of a multiple
‘holographic element.

Holographic optical elements are fabricated by the record-

- ing of a coherent laser reference beam with a coherent laser

10

15

signal beam to form a hologram in a photographic recording -

material. More specifically, in the construction of holo-
graphic opiical elements, a pair of collimated construction
~ beams, referred to as the signal beam and the reference
~ beam, respectively, are projected so that they overlap, at a
relative angle to each other, on a recording medium, pro-
ducing an optical interference pattern that is recorded in the
medium as an amplitude and/or phase distribution of closely

spaced lines. The signal beam may be spatially modulated

by passing it through an image of a selected object; and the
signal and reference beams then combine at the recording
to produce a diffraction pattern, or hologram,
unique to the selected object. Preferably, the construction

beams are from the same source of coherent electromagnetic

radiation, which, for example, nay be a laser. The recording
‘medium, as is well-known, can be a photographic emulsion,
dichromated gelatin, a photopolymer and the like, and can
be coated or mounted on a suitable substrate such as a glass
plate or a thin film.

A hologram may be used, or played back, by directing a

collimated beam, referred to as the playback beam, through
the recorded hologram. The hologram diffracts the playback

20
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~ beam and produces, at a given distance and angle from the

hologram, an 1mage of the image used to spatially modulate
the signal beam employed to fabricate the hologram.

For many applications, it i1s beneficial to form multiple

holograms on one recording medium; and typically, this is
done by one of two procedures, referred to as the step and
repeat process, and the parallel or coherent process, respec-
tively. In the former process, the holograms are formed one

at a time in the recording medium. This may be done, for
example, by directing the signal beam through an image and-
then onto the recording medium to form a first hologram in

the recording medium, and repeating this step a multitude of
times, each time with the signal beam being directed to the
same recording medium. In the parallel process of forming
a multiple holographic element, the multiple holograms are
all formed simultaneously. This may be done by separating
the signal beam into a matrix of component beams, and

directing a single image onto the recording medium to form
the multiple holograms therein.

 Asa general rule, multiple holographic elements made by
the step and repeat process have a high accuracy but a low
efficiency, while multiple holographic elements made by the

parallel process generally have a high efficiency but a low
accuracy. To elaborate, the efficiency of a multiple holo-

graphic element is measured as the ratio of the power of the
input playback beam to the power of the combined first order
output beams of the hologram, and the accuracy of a
hologram 1s measured as the ability of the element to
reproduce accurately the image used to form the hologram.

40

2

In a multiple holographic element made by the -step.; and : e

repeat process, each hologram, because it is made separately,

shares the same medium as the other holograms on the

element and is able to reproduce with a high degree of
accuracy the image used to form the hologram. However,

because each hologram is allotted only a part of the dynamic
range of the recording medium, the efficiency of the holo- -
gram 1s low. In a multiple holographic element made by the.

parallel process, because each hologram shares in the overall - *'

dynamic range of the recording medium, the hologram has
a comparatively high efficiency. However, the holograms
also overlap in their sharing of the dynamic range of the

recording medium, and each hologram may appreciably '

distort its neighboring hologram. When a given hologram is
played back, the distortions in the hologram caused by
sharing the dynamic range of all the holograms on the

recording, may appreciably reduce the ability of the given -
hologram to reproduce accurately the image used to formthe

given hologram.

SUMMARY OF THE INVENTION

An object of this invention is to fabr_ieate a high accuracy '

and high efficiency multiple holographic element. |
Another object of the present invention is to obtain the -

quality performance of a step and repeat holographic optlcal .
element and also obtain high efficiency without the sacrifices

associated with the parallel type holographic element.

A further object of this invention is to make an enhanced .

recording of a step and repeat holographic element using a
contact replication process to transfer the low efficiency

recording of the holographic optical element onto a photo- |
- polymer or other suitable material, and by optimum expo-

sure, to obtain a high efficiency lens with the same good

optical qualities of the Step and repeat helographle optical
elements. '

A still another object of the present invention is to
increase the diffraction efficiency of a silver halide absorp-

tive holo graphle optlcal clement by converting it to a phase -

- recording, and in so doing, effectively amplifying the

45
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amount of index change in the fringe pattern produced by the -
silver halide thereby to increase the amount of light that is
diffracted into the first order which comprises the hele-..:

graphic optical element lens.

These and other objectwes are obtained w1th a method
and system for fabricating a multiple holographic element.
The method comprises the steps of forming a master mul- -
tiple holographic element having an

pattern of the master holographic element modulates the

intensity of the recording beam, and the modulated record- o

ing beam causes the monomers of the phase reeerdmg
material to form a monomer pattern that, when polymerized, -

produces a desired index of refraction pattern across the -
layer of the phase recording material. The method further
comprises the steps of fixing the monomers of the layer of
the phase recording material in that monomer pattern to
form thereby a copy of the multiple holographic element,

and removing the photopolymer layer from the master |
holographic element.

Preferably, the master holo graphic element is formed by R

a step-and-repeat process. In particular, this holographic

absorption grating
pattern across the master multiple holographic element,
coating the master holographic element with a layer of a
‘phase recording material, and directing a recording beam to
and through the master holographic element and into the
layer of the phase recording material. The absorption grating -
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element is formed by transmitting a reference beam to an

- optical recording medium, transmitting a signal beam from

a beam source to the recording medium and at an angle ©

to the reference beam, and moving the recording medium
incrementally, to a multitude of positions, thus recording a
selected number of holograms in the recording medium. In
this way, the reference and signal beams interfere at these

different locations of the recording medium to form the

master multiple holographic element.
When this preferred master helegraphw element is used in

10

the fabrication method and system of the present invention,

preferably the amplitude of the recerdmg beam across the

-master multiple helegraphlc element 1s varied according to

the equation:

1A, 1%=1APcos ©,

where |
A, is the amplitude of the recording beam at any selected
point on the master holographic element,

~A1s the maximum amplitude of the recording beam on the
master holographic element, and |

O is the above-mentioned angle between the signal and

master holographic element.

20

4

FIG 12 shows the power speetrum of a matehed filter

~made in the system of FIG. 4.

"FIG. 13 1s a schematic diagram of a laberatory test
arrangement used to fabricate a copy holographic element in
accordance with the present invention.

FIG. 14 is a schematic diagram of a laboratory arrange-
ment used for evaluating the copy holographic element.

FIGS. 15 and 16 show how the efficiency of the copy
holographic element varies as a function of the energy of the

replicating beam, when the replication beam forms angles of
zero and ten degrees, respeetlvely, with the normal of the

- copy helographm element.

FIGS. 17 and 18 present the data of FIGS 15 and 16 in

15 columnar form.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS
- 'The present 1nvent10n 1S a methed of. fabrtcatmg a copy of

a multiple holographic eptlcal element—that ; 1S, a copy in
the sense that when the copy is played back, it will produce

- the same image as the original optical element will produce

- reference beams used to reeord the holegrams 1n the _f25

Further benefits and advantages of the 1nvent10n w111" -

- become apparent from a consideration of the follewmg _-
~ detailed description given with referenee to the accompa-

nying drawings, which specify and shew preferred embodi-
ments ef the 1nvent1011 |

" BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is e schematic drawing of a system for makmg a

~ when it is played back—and the invention is particularly

well-suited for fabricating a high accuracy, high efficiency
muluple holographic optical element from a high accuracy,
low efficiency multiple holographic optical element. As will
be understood by those of ordinary skill in the art, however,

~ the invention in its broadest sense may be used for other

30

35

- master holographic element. P FIG. 2 is an enlarged view of o

a portion of the system of FIG. 1.

FIG. 3 is a schematic drawmg 111ustrat1ng the master
- holographic element being used or played back.

FIG. 4 is a schematic drawing of a system for fabrieating
a copy of the master holographic element. |

FIG. 5 is an enlarged wew of a portion of the system ef |

FIG. 4.
FIG. 6 shows, in outline ferm the master holographic

element and the copy made therefrem and 1illustrates how
the phase grating of the copy is pmduced by the replication
~ beam and the abserp’uve gratmg of the master holegraphlc .

| element

'FIG. 7 illustrates hoe, for a thm Copy helographw ele-
ment the efficiencies of the zero order and first order output

beams of the copy holographic element vary aeeerdmg to

the phase grating of the copy.
- FIGS. 8a-8d show various parameters of interest when a

. recerding beam having a constant amplitude across its
profile is used in the system of FIG. 4 to make a copy

helegraphm element.

FIGS. 9a-9d show these same parameters of mterest,

when the amplitude of the recordlng beam, across. its preﬁle
- is varied ill a particular manner.

FIG. 10 demonstrates how the: 1ndex modulatlon ef the

copy holegraphw element varies, both before and after the |
copy 1s cured, as a funetmn of the energy of the recerdmg

65

beam.

FIG. 11 illustrates the transfer charactensttes for a repli-
cation design. s |

45

55

- purposes; and in particular, this invention may be used

simply to produce functional copies of a multiple holo-

- graphic element, without regard to whether the copy is more

eflicient or more accurate than the englnal helegraphlc
element. |

In order to understand how the present mventmn may be
best utilized to make a copy of a multiple holographic
optical element, it may be helpful to review the procedure by

which an original, or master, multiple holographic optical -
‘element is made, and FIGS. 1 and 2 generally illustrate a

process for making such a master optical element. More

specifically, FIG. 1 illustrates system 10 for fabricating a
- multiple holographic element using a step and repeat pro-.
‘cess; and in system 10, laser 12 generates laser beam 14 and

directs that beam onto beam splitter. 16, which splits the

~beam into reference and signal beams 20 and 22. Reference =

beam 20 is directed from beam splitter 16, through beam

‘conditioning means which comprises an expanding lens 21,
~ pinacle 23, and a collimating lens 24 and variable attenua-
- tion filter 26 and then onto recording medium 28. The signal

30

beam 22 from beam splitter 16 is reflected off of mirrors 30a,

'30b, and 30c and is then passed through beam expansion

means 32 and collimating lens 34. The collimated beam is
then passed through a refractive lens 36. Lens 36 is placed
such that its output expanding beam 40 is incident on the

recording medium 28 such that beam 40 interferes with
reference beam 20 and forms a fringe pattern at the record-

ing medium. The focal length F, of holographic lens is

determined by distance of medrum 28 from the focus lF of

~lens 36.

~ As shown in FIGS. 1 and 2 the axis of reference beam 20

- 1s normal to the plane of reeordmg medium 26, and the axis

~of signal beam 22 forms an angle © with the normal to the

-plane of the reeerdmg medium.

To form a multitude of helograms on recordmg medlum
28, that reeerdmg medium is moved through a series of
positions in a step-wise manner; and at each position of the

- recording medium, signal beam 22 interferes with reference
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S
beam 20 over a respective area of the recording medium,
- producing a multitude of diffraction patterns, or holograms,
on the recording medium, with each hologram generally
centered about a respective one point in the recording
medium. In the formation of each of these holograms, the
axis of the signal beam forms an angle © with the normal to

the plane of the recording medium, and each hologram is

- thus said to be formed at an angle ©.

- After the muitiple holographic element 28 is completed,

it can be played back; and with reference to FIG. 3, this is
done by directing a collimated beam 44 onto the element 28.
Each hologram of element 28 diffracts the incident beam 44,
resulting in a multitude of output beams 46, each of which
1s focused on a respective one spot. These focus spots are all
~ 1n one plane, referred to as the back focal plane of element

28, a distance f from that optical element. For instance, a

" holo graphic optical element that has sixteen holograms

arranged in a 4x4 matrix would have sixteen output beams;

and a holographic optical element that has only one holo-
gram, which may be referred to as a 1x1 holo gram, would
have one output beam.

Because element 28 was made by a stcp and repeat :

process, that element has a high accuracy but a low effi-

ciency. The efficiency of element 28 is defined as the ratio

of the power of the input playback beam to the combined

- power of the first order output beams. The efficiency of a

step and repeat holographic optical element is limited by the
fact that the dynamic range of the optical element is shared
- by all of the recordings made on that optical element. Thus,
for instance, each hologram of a 4x4 holographic optical
clement is allotted a dynamic range of Yie of the total
dynamic range of the whole holographic optical element.

The general objective of this invention is, in effect, to
increase the diffraction efficiency of element 28. More
specifically, this is done by converting the diffraction pattern
1n element 28 from a low efficiency amplitude and/or phase
recording to a second holographic optical element, and
effectively amplifying that low modulation index change
thereby increasing the amount of light that is diffracted onto
the first order output beams of that second holographic
optical element. FIG. 4 shows syste
second holographic optical element from element 28.

S0 for fabricating this -

10

15

20

25

30

35

40

In system 50, a source of monochromatic collimated light

energy of substantially fixed wavelength such as laser 54
produces an output beam 356, referred to as the replication or
recording beam, and directs that beam through beam con-
ditioning means 60, which preferably comprises lenses 62
and 64, pinhole 66, and filter 70. Lenses 62 and 64 and
pinhole 66 are provided to collimate beam 56 and to expand
that beam 20 the desired size; and filter 70 is provided to
control or to adjust the intensity or amplitude of beam 56

across 1its profile, referred to as the x,y direction, as desired. .

From conditioning means 60, the conditioned beam 56 is
directed at a desired angle onto master holographic optical
element 28, passes therethrough, and directly enters a phase
recording medium 72, such as a photopolymer layer that has

been applied onto the backside of the master holographic
optical element.

As the replication beam 56 passes through optical element
28, that beam is amplitude and phase modulated by the
~ diffraction pattern contained in optical element 28, and this
- modulation is directly coupled to medium 72. In particular,
as replication beam 56 passes through master holographic
element 28, the amplitude of that replication beam is modu-

lated such that the replication beam has a given amplitude or -

intensity profile in the X,y direction. From the master holo-

45

50

35

65

6

- graphic element 28, the amplitude modulated ' rcp_lication'-

beam 56 passes directly into and through the medium 72;
and as this happens, the monomers of medium 72 migrate
into areas of lower light intensity, tending to produce a

monomer intensity profile across medium 72 that is the

inverse of the intensity profile beam 56 produced by master

holographic optical element 28. The index of refraction
through medium 72 varies inversely with the monomer
density thereof, so that the above-described monomer profile
tends to produce an index of refraction profile across

medium 72 that replicates the intensity profile of'beam-'S(i.__._ |

produced by master optical element 28. N
Once the desired monomer densuy pattern is produced in

medium 72, the transmission of the recording beam 56
through that medium is discontinued or terminated. Then,

the monomers of the photopolymer 72 are polymenzed to fix
the monomers, and thereby form a permanent record of the
monomer patiern in the photopolymer, and the photopoly-

~mer is removed from the master recording elements 28.

The recording in the photopolymer 72 is a pure phase
recording in a non absorptive medium; and thus, when the
photopolymer is played back, there is virtually no attenua-

tion by the photopolymer of the amPhtude of the play back
beam.

With reference to FIGS. 4 and 5, prcferabl’y, sensors 74 "

are provided to monitor the power in the first and higher
order output beams of photopolymer layer 72 as the record-

ing is in process, and the recording is concluded whena
maximum power is obtained in the first order output beam
and a desired minimum power is obtained in the higher order

output beams. For instance, output signals from these sen- -
sors 74 may be monitored by an operator, who manually
deactivates laser 54 when the desired output beam powers
are obtained. Alternatively, these sensors may be connected
to laser 54 to deactuate the laser automatically when the
output beams of photopolymer 72 reach the desired power -

levels. Also, a trial copy holographic element may be made '

first, with a time history taken of the power levels of the
various orders of output beams. This produces a histogram
that allows an exposure to be selected that would yield the
desired efficiency and distributions of the first and higher
order output beams .of the photopolymer layer. These data
would then be used to fabricate an optimized hol{)graphlc_f :

optical element.

Any suitable photopolymer may be used as recording: N
medium 72; and for example, one suitable photopolymer is

-sold by DuPont, Inc., under the trademark HRF 600 OMNI- ”

DEX. The photopolymer may be poured onto master holo-

graphic element 28 and then cured in place, or a cured B N |
photopolymer film strip can be directly rolled onto the = -
emulsion side of master element 28. Conventional tech-

niques may be used to polymerize the photopolymer and to

remove the photopolymer from the master holographic _-

element 28.

The present invention will be clear to those of ordinary
skill in the art from a review of the above discussion. The
following analysis may help explain the benefits and advan- -
tages of this invention, and how o optimize those beneﬁts. |
and advantages. |

When a plane wave hologram (a sine wave grating) that
consists of an absorptive grating is formed in a thin holo-
graphic element, the periodicity, a, of the grating across the
width of the holographic element, referred to hercm as the
y—dlrecuon 18 descnbed by the equation: |
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| 1
a:an+a15in[21t%] (1

where | | |
dq 15 the average absorption of the grating,
a, 18 the peak absorption level of the grating, and

1/8 is the spatial frequency of the grating along the y-axis.

It 1s also known that the efficiency, n, of th1$ absorptive
granng 18 gwen by the equatten

N=exp{—2agd/cos OJsin h*(a,d/2cos O] {2

where |
d is the thickness of the optical element, and

© is the angle from the normal of the reference bearn
employed to fabricate the optical element.

8 o
¢, is the maximum phase shift in the phase grating, and
21
=3

This phase gratlng may be created by an 1ndex modula-

- tion, n, given by the equation

10
| where

15

When © equals zero, which is the case in the system of

FIGS. 1 and 2, the cos © equals one, and equation (2)
becomes:

n:exp[—ﬁaddjsin hz[a 42

3
- 25

T 1S a maximum when a, equals a1 ; and when this is the case, -

‘and for an epneal element having a thickness of twenty |

20_

microns, the maxmtum eﬂielency of the gratmg 18 about -

3.67%.
“The above—dlseussmn i1s based on the premise that the

angle © is fixed. With more complex holograms such as

30

those formed in lens applications, a second angle y would

also be included. Both of these angles © and vy would vary

from pomt to point in the recording and in fact cause a '

reduction in the efficiency of the holographic optical ele-
ment. This reduced efficiency is due to the fact that the
spatial frequency 1/S of the grating along the y-axis is a
function of both © and . In particular the spatlal frequency
1s given by the equation:

2s1n6siny - | (4)

1 _=
. s A | _
~ where A is the wavelength of the reference beam.

FIG. 6 is a diagrammatic view illustrating multiple holo-

- graphic element 28 and photopolymer layer 72, and also

‘including, superimposed over those elements, graphs of

several parameters of interest. In particular, FIG. 6 includes

a graph of the periodicity, a, of the grating of element 28, as

given by equation (1), superimposed over an outline of the

‘master multiple holographic element 28; and this Figure

~ includes a graph of the index of refraction, n, or photopoly-
- mer 72, superimposed over an outline of that element.

- With reference to FIG. 6, when the master optical element

28 is illuminated by the replication or copy beam, which

(1), the intensity of that copy beam is modulated by the

3B

45

50

- passes through the absorptive grating described by equation N
35

absorptive grating of the master optical element. This modu- ~

- lated copy beam is brought incident onto photopolymer

~element 28 is converted to a phase only index modulated
grating. |
In the case of a thin phot()pelymer layer 72, the phase 0,
of the phase grating across the width of layer 72 can be

. descnbed by the equation:

¢:¢n+¢'151ﬂ (Ky) | | _(5_)

‘where o _
¢o is some fixed phase shift,

- material 72, where, in effect, the absorptive grating of

65

(6)

n=nytn,sin (Ky)

N, 18 the average index modulation,
n, is the maximum index modulation, and

2

The phase shift, ¢, is related to the index nlodnlatlon n,

by the ratio:
¢ _nd (7)
2 A |
| Where .

i = integer + A

“and A is some fraction.

- Solving equation (7) for ¢ shows that:

- 21nd
¢=—7—

©

~ so that equation (5) can be rewritten as:

2rnyd 2nnid

(10)
A W o

sin(Ky)-

The transmittance function, T,y of the grating 18:

=g =T e 00+ d15in(Ky))

T (11)

This can be evaluated by'the Bessel function

| T(y )_e—.r ¢ﬂe J @1sin(Ky)_ ;- 4!02}” @ )elm(s“_f}'} |
|

(12)
Expanding equation (12) vields:
Toyme MU0} (b)) s ] 3)

In general, for fi=0 or a positive integer each term in the

bracket in equatmn (13) can be expressed by the following

~ equation

e (=lymgmm (14)
- L= B e -
m=0 - 2n+mmt(n &P m)l

 where  is the order of the Bessel function and m is the term

in the series. |
This is a Bessel funetlon of the first klnd Wthh can be

| expanded from equation (14). For example, Jﬂ(q) ) and J1 ()

are given by the equatmns

Z 6 15
Jo(d1)=1- i + ) _* + 4
o 22 2224 224262
I YIRS | (16)
Jl(¢1)—T T _.—I— Y7 .

where the value of , 1S obtained from equation (9). '
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To oval_uate the transmittance function described by equa-
tion (12), 1t 1s necessary to solve for each term of the series

expansion or by numerical integration. For the phase grating

formed in photopolymer 72, I,(¢,) is the DC or zero order
output beam of the grating, J,(¢,) is the first order output
beam of the grating and J,(©,) and higher terms of the series
are the second and higher order output beams of the grating.

The zero order and first order output beams of the photo-

polymer are the beams of primary interest, and hence the
zero and first order terms of equation (12) are the terms of
primary interest. The values for Jo(¢,) and J,(¢,) are tabu-
lated so that 1t 1s only necessary to calculate ¢, and then look

up the Bessel function of interest for that value, or to.

calculate that value using a computer program such as
Matlab. |

As previously mentioned, one suitable photopolymer 72
1s sold under the trademark HRF-600 OMNIDEX, and the
value of n for this photopolymer is 0.14. Substituting this
value for n in equation (9) and substituting 10u and 0.633u
for d and A, respectively, in equation (9) yields the following

- 2n(.014)(10p) .
o=

= 1.39

Once ¢,, is determined, J,(¢,) and J,(6,) can be determined

from equations (15) and (16). In particular, with ¢,_1.39,
equations (15) and (16) show that

5728¢77%0 (17a)

Jo(9}
- J1(9,)=0.5399¢7* /%0 (17b)

Since the transmittance terms for the zero and ﬁrstordors are

10

15

20

25
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known, the efficiency of the grating can be calculated by
passing through the grating a light beam having a power of

one unit (pu=1).
The zero order value, pio(d,), is

(18)

1w o(0,)=1*%(0.5728¢7%0)
and the first order value, pJ,(¢,) is
1], (6,)=1#(0.5399¢/ k>4 (19)

The above equations show the amplitude and phase ema-
nating from the grating, which is described by J,(¢,) and

J,(¢,). The ethiciency of the fabricated copy holographic.

element relates to the light power, or the square of the
amplitude, of the output beam relative to the power of the

playback beam, and the oﬁicwncy, N, 1S given by the
equation

efficiency=n=IJ 1(¢1)l2#0.29

The efficiencies of the zero order and first order output
beams of holographic element 72—or more precisely, the
ratio of the intensity of the zero order output beam of

element 72 to the intensity of the playback beam—as

derived from the zero and first orders of the Bessel function,

1s plotted in FIG. 7. As shown therein, for ¢,=1.39, the

efficiencies of the zero and first order output beams are about
equal. The maximum efficiency of the first order output
beam is about 34%, which is obtained when @, is about 1.8;
and at this value of ¢, the efficiency of the zero order output
beam 1s about 10%.

It should be noted that, for a thin grating formed in

photopolymer 72, higher order output beams appear on both

(20)
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sides of the zero order output beam, and the total output
power of the photopolymer can be calculated by summing

the powers of all the orders of output beams. This is '
‘equivalent to solving equation (12) for one value of ¢, for

all values of n and m and squaring the amplitude of that
result. Moreover, this total output power should equal the
total 1nput power, since there are no absorptive losses in the___

grating of photopolymer 72.

In laboratory experiments, we have obtained contact

replication of holographic optlcal elements using these

parameters with efficiencies ranging from 20 to 30%, which _-

1s in agreement with the above analysis for thin gratings.
The distinction between thick and thin holograms is
determined from the following equation: -

21Ad
ey
where |
d 1s the thickness of the film,
n is the index of the film, and N
A 1s the spacing of the fringes in the film (1/S) In
particular, if Q<I, the gratmg is considered to be thin;
and 1if Q>>1, the grating is considered to be thick.
For the values, A=0.514p, d=10y, n=1.5, and A~—1 82x10~
3'_1’ .

o1 - 0.514y - 10p .
15-1.82x10°6

This places the grating thickness somewhere botwoen'tho o
thick and thin criterion, and therefore both situations have- to

be considered. |
The efficiency, 1, of a thick grating, usmg the Kogelmk

coupled wave solutlon for a thick grating, is gwen by the
equation:

nzsinz(

nnyd ) (22)
Acos(8) |
using the above-given values for n, d, A and ©, yields
N=42%. This efficiency 1is higher than that determined when -

the grating is considered to be thin, and is higher than that

observed in the laboratory, suggesting that the results gwen |

by equation (13) apply in the present case. - |
As 1s apparent from equation (20), for a thin holographlc N

optical clement, the efficiency of the holographlc element is

a function of ¢,. The peak phase term in equation (5) is

controlled by the index modulation term n, in equation (6);

and therefore the maximum efficiency of the holographic

element 72, as well as the uniformity of the efficiency of the - b
‘holographic element, are functions of this n,, term, through =

modulation of the replication beam. |
Also, from equation (2), it is apparent that tho oﬂimoncy

of the absorptive grating in master holographic element 28.

1s a function of the angle @ of the reference beam to the

normal of the optical element from which the holographic = |

element is made; and in particular, that efficiency, 1, varies

inversely with cos ©. Changes in the angle © can be o

compensated for by adjusting or controlling the intensity of
the replication beam in the x,y direction—that is, across the
profile of the replication beam—so that the effective effi- -
ciency of the fabricated holographic optical element can be L
maintained at a maximum for all ©. | .
The required replication beam corrections or ad]ustments |
can be quite simple or complex, depondmg upon how ©

~vanes. For exam;)le for the lens 28 made in the system of
FIG. 1, © varies in a symmetrical manner without inflec- .

tions, and a modified Gaussian filter can be used in the

2y
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system of FIG 4 to prowde the desired adjustments to the
- intensity profile of the copy beam. For more complicated |

functions of ©, such as asymmetric functions with inflec-

tions, the beam profile filter of system 50 would be more
complicated.

Even more specifically, with reference to FIGS 4—6 the
desired optimum eﬂicmncy of the copy holographic element
- can be obtained by varying the amplitude of the replication
beam across the face of the master multiple: hnlographlc
'element 28 according to the equation:

[A - (23)

2_(A[2 _
copyl =Al“cos 8 |

where

Al is the amplitude of the recordlng beam at any selected
point on the master holographic element,

|Al is the maximum intensity of the_recmding beam
incident on the master holographic element, and

© is the angle between (i) the normal of the recording

‘medium from which holographic element 28 was made,
- and (ii) the reference beam used to form the hologram
 in element 28 at the selected point.

-~ As an example, using equation (22), and using the; fol-—-
lowing parameters: d=y, n;=0.017, A=0.033p, ©=0 a grating

can ttleoretically deliver 100 efficiency as shown below

7 = sin? (

m-0.017 - 20p
0.633p

)-100=99% .

angle. Thus, for instance, in the case of 100 mm holographic
optical element lens formed on a 4x4 inch plate and made at

a nominal ©3=10°, the recording angle can actually vary
between +36. 6 and —26.6 from the center of the plate to the |

edges. The cosines of these angles are:
 cos ©,=0.98

~ cos(—26.6)=0.89

c0s(36.6)=0.8

If n, is controlled so that it varies exactly with cos ©, the_n_ |
the argument of equation (22) remains constant and what-

ever efficiency was selected in the design will be maintained.
FIGS. 8a-8d and 9a-9d show these parameters plotted for
~ a 100 mm holographic optical element lens design, and the

12 -
The cos © modulation of An is described by equation (23),
where the intensity of the copy beam is varied as cos © and
therefore the index change n,, varies accordingly. This

- assumes that the relationship between n, and the recc-rdlng

10

15

energy is linear for the selected operating pomt which 18
approximately 40 mJ/cm?. The recordmg energy 1s given by

the equation:

Recording Energyzlﬂlzcns 0-Af (24)

where |
At 18 the exposure time, and -

|Al* is the peak intensity of the recording beam. _
The relationship between n; and the recording energy is
described by the curves shown in FIG. 10, which, in
particular, shows the index modulation of the photopolymer |

- material both before and after thermal curing. While curing

- 18 not required, curing does produce a significant increase in

20

25

When © 1s greater than'zem and is not fixed, then the °

~ terms in equation (22) that can change are © and n,, and the
- other terms are fixed. It should also be noted that the cos &
in the denominator of equatwn (22) changes with recording

35

- 40

the index modulation n,, as shown by the curves of FIG. 10.
The transfer characteristics for a copy or replicate holo-

“graphic optical element are shown in FIG. 11. The transfer
- characteristics for the thermally uncured replicate were
‘taken from FIG. 10. The index change is shown along the
~ordinate of FIG. 11, and the energy of exposure, as calcu-

lated by equation.(24), is shown along the abscissa of FIG.
11. The inverted beam pmfile intensity is taken from equa-

~ tion (23), which shows the axis off center, as dictated by the
fact that the signal and reference beams used to fabricate the
-master recording, intersected at an angle of 10°. In practice,

this profile is obtained by placing in the path of the replicate

‘beam, an absorptive filter having transmission characteris-
- tics proportional to Y%os e. Such a filter can be made, for

example: by exposing a AgHal plate to a light source that
varies In intensity as the cos ©. The developed plate would

then have a transmittance of Yos ©. The index modulation n,
‘18 then also modulated by the cos E) as seen in FIG. 11. For

practical purposes, a transfer curve would be generated for
each new batch of replication material, to insure that this
replication material is exposed to the replication beam for

‘the desired time, to fabricate copy holographic elements

- having maximum efficiency and uniformity of performance.

435

effect of controlling the n; to cancel the variations in

efficiency attributed to varying ©. In particular, FIGS. 8a
and 9a show the range of the recording angle © as master

holographic element 28 is made, and the cosine of that angle.
FIG. 8(b) shows a constant n, value, and FIG. 9(b) shows the
value n,cos© plotted against ©. FIGS. 8(c) and 9(c) show
the values n,/cos © and n,cos ©/cos ©, respectively, plotted
against ©; and FIGS. 8(d) and 9(d) show the efficiencies of
the copy holographic element formed when the intensity of

50
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the recording beam is varied in the x,y direction according '

to the functions shown in FIGS. 8() and 9(b), respectively.
- As predicted by equation (22), when the intensity of the
- recording beam is kept constant in the X,y direction, the

efficiency of the holographic element decreases, or rolls off,

toward the edges of that element, as shown in FIG. 8(d).
However, when that beam intensity is adjusted to compen-
sate for changes in cos ©, such that the ratio of beam
intensity/cos © remains constant, as shown in FIG. 9(c), the

result is that the efficiency of the copy holograpmc clement -

- 1s also constant, as shown in FIG. 9(d).

The above discussion has concentrated on the use of

replication for making holo graphic optical elements; how-

ever optical filters such as high pass matched filters may also -
benefit from this process, and it is believed that matched

filter efficiency can be raised by at least 10 db. Taking a
- square object f(x,y) as an example for which a filter is to be

made, the Fourier transform is taken and a high pass
frequency response is selected to start at the first lobe (higher
pass can be defined by gmng to 2nd or 3rd lobes or hlgher) |
The power spectrmn Ps is given by

Ps=|F (;‘(Jvc,j,r)l2 (25)

-Along one axis, say the X axis, the power spectrum, Ps(x),
- can be analytically written | | |

Ps(x)=lIsin cx|? (26)

| Equation (26) is plbtted 'in.FIG. 10, which-s_hows that the
- first sidelobe is down 13 db, the second 18 db etc. For the

65

high pass filter which is needed for discrimination, there is
at least a 13 db decrease if the first lobe is used, and the

decreases become greater as the frequency pass band

becomes higher. In addition, from equation (3) it can be
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determined that if the filter is recarded.using AgHal, the

maximum efficiency due to absorption is 3.67%, which
translates into an additional 14 db decrease. The loss due to
~ high pass lobe selection cannot be eliminated, however, the

‘absorptive losses can be reduced by using the methods of
replication described above. If the filter replication works as
well as that used in holographic optical element fabrication,
it 18 believed that at least a 10 db increase in filter efficiency

and a corresponding reductlon in laser power reqmrements
can be achieved.

Experiments were perfonned to increase the etficiency of

multiple holographic lens arrays now presently fabricated

5

10

using AgHal material on glass plates. The present multiple

holographic lens arrays have an efficiency on the order of
2-3%; and by means of the replication process disclosed
herein, these same AgHal multiple holographic lens arrays
were transferred with augmented index modulation to Omni-
dex photopolymer, and the efficiency of 3x3 and 4x4 arrays
was increased to 20-30% without a noticeable loss in
quality.

The AgHal multiple holographlc lens arrays were fabri-

cated at 647 nm (using a Krypton laser) or at 633 nm (using
a HeNe laser) at a 10 degree signal to reference beam angle. -

The arrays were created by a step and repeat exposure
method as described earlier i.e., the photo sensitive material

18 exposed for the first locatlon then the plate is moved a

prescribed amount, exposed again, moved and re-exposed
etc. for each location in the array. |

A schematic diagram of the laboratory test arrangement
80 is shown in FIG. 13. The Omnidex photopolymer 82 is
sensitized for the blue-green region and therefor an Argon
ion laser 84 emitting blue (488 nm) light was used as a light
source. The raw laser beam 86 is spatially filtered, expanded

and collimated. A single axis mount with the ability to rotate

about the vertical axis, was used to mount the glass/AgHal
master MHL array 90.

As 1ndicated above, the photopolymer used in these

experiments is sensitive only in the blue-green region, and
therefore, a red lamp was used for illumination. The pho-
- topolymer was supplied on a mylar sheet substrate with a

thin membrane protective cover material. When preparing

the photopolymer for exposure this protective cover was
peeled off and the photopolymer/mylar substrate was
- applied to the glass/AgHal master so that the photopolymer
faced and came into intimate contact with the AgHal emul-

. ston of the master plate. The photopolymer sheet was

applied with the aid of a roller, starting from one end and
rolling over the photopolymer sheet as it makes contact with
the master plate to avoid entrapment of air bubbles, which
may create voids between the emulsions. The glass plate
AgHal master-photopolymer sheet sandwich was placed in
~ the mount with the glass facing the laser beam source, and
- the plate sandwich was then exposed with the laser light

source. After exposure, the photopolymer was fixed or cured

- by illuminating it with a UV light source; and typically, a
6—8 minute ﬁxmg time was used with a small black light
(800 uw/cm?). The fixed photopolymer with mylar substrate

was then peeled away from the glass plate and evaluated for
efficiency and optical quality.

15

20

25

30

35

45

50

35

FIG. 14 shows a diagram of the laboratory arrangement

100 used for playing back and evaluating the augmented

-replicate optical element 82, usmg a laser source 102 having

a wavelength of 633 nm, which is close to the wave length
at which the master holographic element 90 was fabricated.

It should be noted that the wave length of the replication

beam 1s not the same nor does it have to be the same as the
wavelength of the playback beam, because the replication
beam 1S only used to form the replication element 82. For
this evaluation, the photopolymer recording was mounted in
a liquid gate (not shown) with a stage for rotation adjustment

60
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about the x and y axes (pitch and yaw). A CCD tEIevision -

camera 104 affixed to a bench microscope was used to view _'
the focused diffraction pattern to evaluate the optical quality
of the holographic optical element, while a J-16 radiometer.

(not shown) was used to measure the throughput power for
purposes of determining the diffraction efficiency. A 10 mm

circular aperture (not shown) was situated in front of the .

laser beam used for evaluating each multiple holographic
lens array replication. The stage for the holographic optical
clement 82 was trimmed in while the resultant diffraction

pattern was being viewed to obtain the best lens perfor-
mance, then the power of the first order diffraction beam was

measured.

The initial replication exposures were made over an area

of approximately 94 cm?® using a laser beam having a
diameter of 30 mm and aligned normal to the plate (photo-

- polymer medium) at a relatively high power density (10

mw/cm?). It was found that the playback angle at which
maximum diffraction efficiency was achieved differed from
that at which the best diffraction pattern occurred.

In subsequent testing, several exposures were made at
different energies, with the angle of incidence of the copy
beam set at the same angle as the master plate. Upon
playback, 1t was found that the angle for best optical
performance coincided closely with that for best diffraction
efficiency. The copies were initially played back dry (that is,
with no liquid gate), and while the diffraction efficiency was
approximately an order of magnitude greater than the origi-
nal master, the optical quality was. not quite as good. It was
considered that the replication with the Omnidex photopoly-

mer might be only a surface phenomena, and therefore :

would disappear when the photopolymer is immersed in a
matching liquid. However, when the Omnidex photopolyﬂ- |
mer was played back in an index matching liquid gate, it was

found that the optical quality of the photopolymer improved
- 80 as to be nearly indistinguishable from the master multiple

holographic lens array and the efficiency remained high,
proving that the recording in question resided in the medium

and 1s not a simple surface relief. However, the playback :

angle for best performance and diffraction efficiency showed
some 1nconsistent variations from plate to plate. The mylar
substrate for the photopolymer shows some birefringence
and could have variations in thickness that may affect |
playback conditions and quality.

With reference to FIG. 13, the diameter of the colhmatedf | -

laser beam used in the replication process was increased to
100 mm 1n order to copy the full aperture of the master
multiple holographic lens arrays. The maximum intensity
achievable with the larger beam diameter was about 2.5
mw/cm®. It was found that when the copy beam was normal
to the master plate, the photopolymer copies had a broader
range for the playback angle so that it was easier to find a |

good compromise and to achieve both good optical perfor- '

mance and good diffraction efficiency. When the copy beam
angle was adjusted to coincide with the original fabrication

angle of the master, the playback angle showed a narrow
- range of acceptance for good diffraction efficiency while the

angle for good optical performance was inconsistent. There-

fore, all large diameter copies were made nermal to the

replication beam.

Copies were made of a 3x3 master of 2.7% efficiency and
a 4x4 master of 1.2% efficiency. Exposures of 10 minutes

and 20 minutes at about 2.5 mw/cm® and 20 minutes and 40
minutes at about 1.2 mw/cm” were made with a UV fixing
time of.3 to 6 minutes with the plate butted to the lamp face

used in the curing process, covering Y5 of the plate each 6
minutes to insure total curing. Peak efficiency ranged from

22% to 31% for the 3x3 multiple holographic optical ele-

ment and 22.7% to 24.3% for the 4x4 multiple holographic

optical element. These results are summarized by the curves -
and column graphs of FIGS. 13-16.
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More specifically, FIGS. 13 and 14 show the efficiency of

the replicate holographic element as a function of the

‘recording energy for recording beam angles of zero and 10
degrees respectively. For these conditions, alignment was

- made for maximum efficiency with no attempt to optimize

the airy pattern of the lens. From these data it appears that -

highest efficiency is obtained when the replication beam is
normal to the recording plane. While this beam-normal
- condition seems to be the best, there may be advantages to
off axis replications, such as diminution of mgher orders as
“well as control of eﬁimency roll off.

FIGS. 17 and 18 present the data in a columnar graph
format for the large area (100 mm diameter) 3x3 and 4x4 |
- MHLs under beam-normal conditions. FIG. 17 shows a high

~ maximum efﬁc:1ency of 38% with a poor airy pattern,
compared to a maximum efficiency of 27.5% when the
holographic optical element is adjusted for the good airy
pattern at f/40. The columnar data shows that the 28%

efficiency of the good airy pattern recording appmaches the

maximum efficiency of 32% at the 1990 mj/cm~ exposure.
If we determine the efiiciency of the photopolymer by using
the equation (22), it is seen that it is possible to obtain a
‘number of exposure multiples that would yield similar

10

16

optical recording medium, and the reference and signal

beams interfere at said optical recording medium to form the

master multiple holographic element from the optical
recording medium and with the non-uniform efficiency.
3. A system according to claim 2, wherein the master
holographic element is made by a process in which the
signal beam is transmitted from a beam source to the
recording medium and at an angle 6 to the reference beam,

‘and the beam source is moved relative to the optical record-
‘ing medium to a multitude of positions to direct the signal

- beam onto a multitude of locations on the optwal recording

medium, wherein the angle 0 varies as a given function of

the location on the optical recording medium onto which the

- signal beam is directed, and each point on the master

15
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“efficiencies. With less data points, FIG. 18 shows the 4x4

HOE where the efficiency seems to remain in the low to mid
20% range for both cases. There is no doubt that the
augmented holographic optical element eﬂimencws are con-
crete and re,peatable | |

While it is apparent that the invention herein disclosed is
~well calculated to fulfill the objects previously stated, it will
be appreciated that numerous modifications and embodi-
- ments may be devised by those skilled in the art, and it is
intended that the appended claims cover all such modifica-
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tions and embodiments as fall within the true spirit and _

scope of the present invention.
We claim:

1. A system for fabncatmg a muluple ho]ograpmc ele-
ment, comprising:

a master multiple holographic element having a _nonﬁ |

~ uniform efficiency and an absorption grating pattern

producing a given index of refraction pattern across the

master multiple holographic element;

2 layer of photopolymer coated on the master multiple
- holographic element; and

means to generate a recording beam;

‘means to direct a recording beam to and through the

master multiple holographic elcmcnt and into the pho-
topolymer layer, |

35

40
~ multiple holographic element is associated with a 8 value

45

‘wherein the absorption - gratlng pattern of the master o

- multiple holographic element modulates the amplitude.

~of the recording beam, and the modulated recording
‘beam forms the monomers of the photopﬁlymer layer
Into a monomer pattern that produces said given index
of refraction pattern across the photopolymer layer,

- wherein said photopolymer layer becomes a copy of the'

master multiple holographic element; and

wherein the recording beam has an amplitude proﬁle on
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the master multiple holographic element, and the

means to direct the recording beam to and through the 3

master multiple holographic element includes means to
vary said amplitude profile to compensate for the

-~ non-uniform efficiency of the master multiple holo-
- graphic element and thereby to form the copy of the

master holographic element with a uniform efficiency. -
- 2. A system according to claim 1, wherein the master
multlple holographic element is made by a process in which
a reference beams is transmitted onto a planar surface of an

“where

multiple holagraphlc element is associated with a 0 value

- according to said given function, and wherein:

the means to vary the amphtude of the recording baam
includes means to vary said amplitude according to the
equatlon |

A *=IAl%cos 6,

A is the amplitude of the recordmg beam at any gwen: |

| polnt on the master multiple holographic element,
‘A_1s the maximum amplitude of the recording beam on

| the master holographic element, and.

0isthe O value associated with said given point on the
~master holographic element according to Sﬂld given

function. |
4. A system accordmg to claim 2, wherein the master
holographic element is made by a process in which the
signal beam is transmitted from a beam source to the optical
recording medium and at an angle 6 to the reference beam,
and the beam source is moved relative to the optical record-
ing medium to a multitude of positions to direct the signal
beam onto a multitude of locations on the 0ptlca1 recording

 medium, wherein the angle 8 varies as a given function of

the location on the optical recording medium onto which the
signal beam is directed, and each point on the master

according to said given function, and wherein:

- the means to vary the amplltudc of the recording beam
includes means to vary said amplitude to maintain the
“ratio [A]n/cos O constant across the width of the master.
holographic element, | |

where n is the index of refractmn of the COpy holographlc |
- element at any given point thereon, and |

0 is the O value associated with the point on the master
holographic element that is aligned with said given
point on the copy holographic element in the direction
of travel of the recording beam. |

‘5. A system according to claim 1, wherein the recarchng |

'beam passes through the photopolymer and forms an output

beam thereof, and wherein the means to direct the recordmg
beam includes: |

means to momtor the 1nten51ty of the autput bcam and

means 10 stop the recording beam from passmg through

the photopolymer Iayer when the intensity of the output
beam reaches a given level.

6. A system according to claim 1, wherein the master

holographic element is formed from a silver halide optlcal
recordmg medlum |
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